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ABSTRACT 
Introduced species are the greatest threat to biodiversity after habitat loss. Understanding 
the processes that permit organisms to become successful invaders may provide opportunities to 
prevent or limit their dispersal and establishment and thereby alleviate some of their harmful 
effects. The goal of my dissertation research has been to investigate whether invasive species 
have distinctive interactions with parasites, and some of the mechanisms that may underlie that 
variation. I used one of the world’s most successful vertebrate invaders as a case study: the house 
sparrow (Passer domesticus; Introduction).  
Previous research in the house sparrow suggested that loss of parasite diversity may 
contribute to invasion success. However, my work demonstrates that infection with common 
avian malaria parasites is primarily a function of environmental heterogeneity and is not a 
predictor of time since introduction for house sparrows that are currently expanding their range 
in Kenya (Chapter 1).  Interestingly, in spite of a large proportion of the population being 
infected with avian malaria, a state that should reduce competitive ability of house sparrow 
populations, this species is still able to establish themselves among native competitors. Though 
there are a number of potential mechanisms that could explain this pattern, one of the most 
convincing explanations is that house sparrows, and perhaps other introduced species, have 
adaptive differences in immunity.  
As such, the findings of Chapter 1 inspired two studies in which my collaborators and I 
showed that house sparrows from two non-native populations seem capable of maintaining 
vi 
 
normal health, performance and behavior during immune challenge, a response often referred to 
as parasite tolerance. Specifically, in Chapter 2, we found that when Floridian house sparrows, 
established since ~1870, were challenged with synthetic pathogens that mimicked infection with 
a fungi, an RNA virus or Gram-negative bacteria, only individuals challenged by the synthetic 
bacteria showed measureable sickness behaviors and secretion of an inflammatory protein. In 
Chapter 3, we compared parasite tolerance in Kenyan house sparrows (introduced in ~2000) and 
a native congener, the grey-headed sparrow (P. griseus) to a common intestinal parasite of 
songbirds. We found that both species were tolerant in that they were able to maintain fat 
reserves, protein reserves and vertical flight ability during infection. However, house sparrows 
maintained burdens that were, on average, more than 10x those of grey-headed sparrows. 
Moreover, when examining nutrient allocation in the two species, house sparrows appeared to 
assimilate nutrients more efficiently than grey-headed sparrows and did not change how nutrients 
were allocated among immune and reproductive organs during experimental infection. Grey-
headed sparrows, however, did shift nutrient allocation among immune and reproductive organs 
during experimental infection. Together, the larger nutrient pool and maintenance of nutrient 
allocation patterns in challenged house sparrows suggests that no physiological trade-offs 
occurred and that house sparrows experienced a lower cost of parasite exposure.  
In the fourth Chapter, I explored why house sparrows had such high coccidia burdens in 
comparison to their congeners. We suspected burden was a function of the frequency of exposure 
to coccidia. Consequently, we explored heterogeneity in foraging preferences and other 
behaviors in Floridian house sparrows and their role in coccidia burden. As expected, we found 
that house sparrows did not avoid contaminated food. In fact, they ate contaminated and 
uncontaminated foods indiscriminately. What was surprising was a lack of correlation between 
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burden and consumption of contaminated foods and all of the behaviors we monitored (i.e., 
aggression, activity, feeding rates and defecation frequency). Overall, these data suggest that 
house sparrows do not benefit from typical parasite-avoidance behaviors.  
In sum, this dissertation research implies that house sparrows respond to parasite 
infection differently than many other known vertebrates, most likely in an effort to maximize 
efficient use of resources and, in so doing, augment competitive ability and invasion success.  
 1 
 
 
 
INTRODUCTION 
 
Introduced species are the greatest threat to biodiversity after habitat loss (Wilcove et al. 
1998). Understanding the processes that permit organisms to become successful invaders may 
permit the control or prevention of potentially invasive organisms and thereby alleviate some of 
their harmful effects (Mack et al. 2000, Strayer et al. 2006). While many traits may predispose a 
species to invasiveness, two factors are thought to contribute most to long-term success: (i) 
suitability of the invader to the new environment, and (ii) net positive relationships with enemies 
as compared to competing, native species (Catford et al. 2009). It is the latter I have investigated 
for my dissertation research, specifically, introduced host – native parasite interactions. 
Because parasites can regulate host populations (Anderson and May 1979), they can also 
affect colonization success. The most commonly studied mechanism of parasites mediating 
invasion success is enemy release which occurs when introduced species benefit 
demographically from losing some or all of their coevolved enemies (e.g., parasites), either by 
chance, because introduced hosts are not preferred by native enemies, and/or because introduced 
enemies cannot persist in the new range (Dobson and May 1986, Blossey and Notzold 1995, 
Keane and Crawley 2002, Torchin et al. 2002, Mitchell and Power 2003, Colautti et al. 2004, 
Torchin and Mitchell 2004). Indeed, more recently introduced species tend to have lower 
parasite diversity, often for long periods after introduction, and this reduction correlates with 
increased introduction success (Torchin et al. 2003, Liu and Stiling 2006). Enemy release is 
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thought to benefit introduced species by freeing resources once used for defense for other traits, 
e.g., reproduction, such that the probability of invasion success increases (Colautti et al. 2004).  
Enemy release has also been observed during range expansions, often due to a lag in the 
arrival of a parasite species following a host to a new location. Such lags have been observed in 
diverse systems such as cane toads (Bufo marinus) in tropical Australia (Phillips et al. 2010) and 
the Brown Argus butterfly (Aricia agestis) in Britain (Menéndez et al. 2008). In these cases, low 
host density and/or selection for exceptionally fit individuals at the range edge could explain 
enemy release (Phillips et al. 2010). 
 Besides directly benefiting from loss of parasite diversity, invasive species can also 
benefit indirectly from parasites. For example, in cases of parasite spillover, introduced hosts 
bring their own coevolved parasites with them to the new range which infect native hosts (Power 
and Mitchell 2004). Should native hosts experience stronger negative fitness costs as compared 
to the introduced host, then the introduced host may indirectly benefit. The best studied case of 
spillover is of a poxvirus introduced with invasive American grey squirrels which has led to the 
local extinction of several populations of European red squirrels in the UK (Tompkins et al. 
2003). Likewise, there is also the possibility of parasite spillback. Unlike spillover, in which a 
non-native parasite is introduced by an invader to native hosts, with spillback the parasite is 
already endemic in the invaded range. Spillback benefits introduced hosts if they (i) amplify the 
parasite causing increased exposure to the rest of the community and (ii) if the introduced hosts 
suffer less damage by the parasites than native hosts (Kelly et al. 2009, Hershberger et al. 2010, 
Mastitsky 2010). One the best supported cases of spillback is between introduced house sparrows 
(Passer domesticus) and native cliff swallows (Petrochelidon pyrrhonota). In this case, the 
proportion of the population infected by an endemic arbovirus (Buggy Creek virus) in Nebraska 
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was highest in colonies of introduced house sparrows, lowest in colonies of  native cliff 
swallows, and intermediate in mixed host colonies (O'Brien et al. 2011). Further, prevalence of 
the virus in its native vector increased annually over an eleven year period in mixed sparrow-
swallow colony sites but not in swallow-only sites (Brown et al. 2012). Much like enemy release, 
there is no reason that spillback or spillover cannot also occur during range expansion. 
Moreover, the three hypotheses, enemy release, spillback and spillover, are not mutually 
exclusive and could all be contributing to introduction success within a single species, perhaps at 
different temporal or spatial scales, though there is not yet empirical evidence of such. 
An underlying assumption on indirectly beneficial relationships between introduced hosts 
and parasites is that introduced species have specific types of immune response. In particular, 
predictions regarding dampened inflammatory immune responses in invasive animals were first 
outlined by Lee and Klasing (2004). Inflammatory responses are typically a host’s initial parasite 
response, yet such responses are energetically costly and can trigger significant changes in 
behavior (Janeway 1989). Overly strong inflammatory responses, which are more likely to occur 
in responses to novel pathogens, also have the potential to cause priority and even mortality. 
Subsequently, Martin et al. (2010b) presented an alternative but non-exclusive hypothesis that 
considers the assumptions and observations relating to parasite spillover and spillback: invaders 
may maximize fitness by being parasite tolerant. Tolerance refers to host mitigation of the 
negative fitness consequences of infection, such as by removal of parasite-emitted toxins or 
tissue repair after infection-associated damage. Resistance, on the other hand, requires barriers or 
responses that actively prevent or clear infections, the inflammatory responses mentioned above 
being a chief component. Because tolerance, by definition, does not reduce parasite burden, 
tolerant hosts may increase parasite abundance and thus parasite exposure for other potential 
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hosts (Restif and Koella 2004, Raberg et al. 2009). Subsequently, tolerant invasive hosts may 
outcompete native species with overlapping niches via the indirect effect of parasites, e.g., 
parasite spillover or spillback (Martin et al. 2010b, Dunn et al. 2012). Understanding possible 
changes in immune investment by introduced hosts may clarify why some species are successful 
invaders while others or not (Lee and Klasing 2004). 
 For example, there is mounting evidence that house sparrow, one of the most successful 
vertebrate invaders in the world (Anderson 2006),  is highly parasite tolerance for a number of 
generalist parasites (Holden et al. 1973, Komar et al. 2003a, Palinauskas et al. 2008, O'Brien et 
al. 2011). House sparrows are native to Eurasia but a combination of purposeful and accidental 
introductions in the last 300 years have led to the establishment of populations on every 
continent except Antarctica (Anderson 2006). Ongoing range expansions include Kenya and 
Central and South America (Summers-Smith 1988, Lewis and Pomeroy 1989). Enemy release, 
specifically in regards to avian malaria (Valkiūnas 2005), has been implicated in the success of 
house sparrow introductions, first by Manwell (1957) and then more robustly by Marzal et al. 
(2011). Additionally, house sparrows appear to alter some immune strategies according to time 
since invasion (Martin et al. 2003, Martin et al. 2006, Martin et al. 2010a, Martin et al. 2014).   
Using house sparrows as a case study, the goal of this dissertation research has been to 
investigate whether invasive species could benefit from their interactions with parasites, and 
some of the mechanisms that may permit such relationships. Specifically, the remainder of this 
dissertation explores (i) the strength and consistency of inflammatory responses in Floridian 
house sparrows (established ~150yrs ago; Chapter 1); (ii) enemy release among avian malaria 
parasites along an invasion gradient of an ongoing range expansion of house sparrows in Kenya 
(Chapter 2); (iii) how Kenyan house sparrows invest in resistance and tolerance to control 
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coccidia relative to a native congener (Chapter 3); and (iv) whether Floridian house sparrows 
engage in behaviors that increase parasite exposure and burden, which subsequently may 
promote parasite spillover/spillback through parasite amplification (Chapter 4). Rather than 
much of the current research in invasion biology which tends to focus on changes in parasite 
diversity as being critical for introduction success, my dissertation research explores how 
invasive hosts respond to infections after introduction. As such, my research sheds light on some 
of the relatively poorly understood mechanisms underlying invasion success. 
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ABSTRACT 
Hosts can manage parasitic infections using an array of tactics, which are likely to vary 
contingent on co-evolutionary history between the host and parasite. Here we asked whether 
coping ability of congeners that differ in host-parasite co-evolutionary history differed in 
response to experimental infections with a coccidian parasite. House sparrows (Passer 
domesticus) and grey-headed sparrows (P. griseus) are sympatric and ecologically similar but 
house sparrows are recent colonizers of Kenya, the site of our comparison, whereas grey-headed 
sparrows are native. We evaluated three variables as barometers of infection coping ability: 
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vertical flight, pectoral muscle size, and fat score. We also measured routing of a dose of 
13
C 
labeled leucine, an essential amino acid, among tissues to compare resource allocation strategies 
in response to infection. We found that burden effects on performance were minimal in both 
species, but house sparrows maintained considerably higher burdens than grey-headed sparrows 
regardless of exposure. House sparrows also had more exogeneous leucine tracer in all tissues 
after 24hrs, demonstrating a difference in the way the two species allocate or distribute 
resources. We argue that house sparrows may be maintaining larger resource reserves to mitigate 
costs associated with exposure and infection. Additionally, in response to increased parasite 
exposure, grey-headed sparrows had less leucine tracer in their spleens and more in their gonads, 
whereas house sparrows did not change allocation, perhaps indicating a trade-off that is not 
experienced by the introduced species.  
 
INTRODUCTION 
Expression of many life history characteristics, such as reproductive parity and 
investment in particular immune components, is intimately linked with availability of resources 
(Stearns 1992). Trade-offs occur when resources are limited because investment in one process 
ultimately results in fewer resources for other processes (Stearns 1992, Roff 1993). Due to 
expenses associated with maintenance, induction, and mitigation of the immune system, costs of 
immunity are likely significant mediators of host evolution, especially when a host experiences a 
major alteration in parasite diversity and infection risk, such as frequently occurs during host 
introductions and range expansions (Torchin et al. 2003, Colautti et al. 2006). How an introduced 
host responds to these changes in parasite pressures in its new range could, in part, influence its 
introduction success (Lee and Klasing 2004, Martin et al. 2010b). In particular, previous studies 
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have supported the idea that trade-offs and subsequent changes in resource allocation facilitate 
invasion success and range expansions (Blossey and Notzold 1995, Lee and Klasing 2004, 
Phillips et al. 2010), but none have yet tested this hypothesis directly. 
The goal of our study was to investigate how infection with a ubiquitous, generalist 
intestinal protozoan parasite affected individual health and altered allocation of an essential 
nutrient in a successful introduced species, the house sparrow (HOSP; Passer domesticus) 
compared to a native congener, the grey-headed sparrow (GHSP; P. griseus). HOSP are native to 
the Middle East and Europe, but have established populations across the globe, including our 
study site in Nakuru, Kenya in the 1990s (Lewis and Pomeroy 1989, Martin et al. 2014). In 
general, HOSP have lost many of their specialist parasites during introductions (Manwell 1957, 
Brown and Wilson 1975, Marzal et al. 2011), but appear to be highly competent reservoirs for 
many generalist parasites in their introduced territories (Komar et al. 2003a, Lee et al. 2005, 
Reisen et al. 2005).  
HOSP and GHSP are similar in terms of diet, body size, and behavior and the two often 
cohabitate, suggesting that parasite exposure risk is comparable, at least for environmentally 
transmitted parasites. Yet, as GHSP are native and HOSP are introduced, co-evolutionary history 
with local parasites should differ between the two species. As such, we first compared resistance 
and tolerance in HOSP and GHSP. Resistance refers to a host’s ability to avoid or clear 
infections whereas tolerance is defined as the slope of a regression between host fitness and 
parasite burden (Raberg et al. 2009). Ecologically, tolerance represents a host’s ability to 
maintain fitness during infection (Sears et al. 2011). Given their longer evolutionary history with 
local parasite strains, we expected native GHSP to better resist infection, resulting in lower 
burdens during a natural infection and after experimental exposure under controlled conditions. 
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Conversely, though infections may be more likely in naïve HOSP, we hypothesized that HOSP 
would tolerate coccidia infections better because tolerance may provide an indirect mechanism 
that HOSP could utilize to outcompete natives (Kelly et al. 2009, Martin et al. 2010b, Dunn et al. 
2012). Here, we used three performance metrics to estimate tolerance: abdominal fat score, 
pectoral muscle size, and vertical flight. 
In an effort to reveal the underlying mechanism by which species cope with infection, we 
also compared nutrient allocation strategies in response to parasite exposure between species. In 
both experimentally exposed and unexposed (but still infected) birds, we measured allocation of 
a dose of 
13
C 1-L- labeled leucine (hereafter: 
13
C leucine), an essential amino acid that cannot be 
synthesized by the body yet is a critical component of virtually every protein therein. Because 
13
C leucine is typically rare in the body, an exogenous dose can be given and serve as a proxy for 
determining rates of protein synthesis in individual tissues. In this way the 
13
C leucine can then 
be tracked to monitor nutrient allocation (McCue 2011). We hypothesized that experimental 
exposure would cause GHSP to allocate relatively more 
13
C leucine to tissues associated with 
immune responses (liver and spleen) to facilitate parasite clearance (i.e., resistance). We 
predicted that HOSP would respond by investing relatively more 
13
C leucine in gonads and 
pectoral muscle to maintain reproductive and physical performance during infection in order to 
maintain competitive ability (Kolar and Lodge 2001, Whitney and Gabler 2008). 
 
METHODS 
Capture and Husbandry 
HOSP and GHSP were captured in mist-nets in Nakuru, Kenya (0°17’, 36°4’E) in March 
and April of 2012. Sex was determined at capture for HOSP (externally dimorphic) and at 
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necropsy for GHSP (externally monomorphic). Prior to experimental exposure, birds were kept 
in two flocks (split by species) in outdoor enclosures, approximately 1.5 x 1 x 1.5m, within a few 
meters of each other. Birds were fed a mix of dried rice, millet, and sorghum ad libitum. Hard-
boiled chicken eggs, cooked fine corn meal, and fresh fruit were offered several times weekly. 
Prior to the experiment, birds were medicated with sulfadimethoxine, an anticoccidial and 
antibiotic drug used as directed by the manufacturer for poultry, dissolved at a concentration of 
~0.05% in the drinking water and provided continuously except where noted below. Infections 
are not cleared by sulfadimethoxine (Brawner III et al. 2000) rather, the drug inhibits the first, 
asexual stage of coccidia replication in the host (Reid 1990). As such, sulfadimethoxine blocks 
the costs associated with acute infection and any further increases in burden as a result of 
parasite exposure during captivity. The drug does not, however, block the second, sexual stage 
reproduction, so (chronic) parasite burden was relatively constant and indicative of capture 
burden despite non-experimental parasite exposure that may have occurred during captivity. 
During the 11 days of the experiment, birds were housed in small, single-species groups 
(1-4 birds) in conventional songbird cages (35.6 x 40.6 x 44.5cm). The experiment was run in 
two consecutive iterations beginning in April and ending in May. For the first 4 days of the 
experiment (prior to experimental exposure), all birds were given unmedicated water so residual 
medication would not interfere with experimental infections for experimentally exposed birds 
and for consistency in the control groups. Parasite exposure (or control (vehicle) exposure) was 
performed on experiment d5. Post-exposure, control birds again received water with 
sulfadimethoxine to maintain burdens. Experimentally exposed birds were given unmedicated 
water. All procedures met guidelines for the use of animals in research and were approved by the 
USF IACUC (W3202) and the Kenyan Ministry of Science and Technology. 
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Parasites 
Coccidia were used for experimental infections because i) they are generalist, fecal-orally 
transmitted parasites, ii) accurate quantification of shedding and standardization of exposure is 
possible, iii) oocyst (egg) peak shedding is typically consistent from day-to-day (Greiner 1989a), 
iv) rates of oocyst shedding closely correlate with intestinal burden (Dolnik 2006), and v) 
coccidiosis can be lethal for some passerines (Greiner 1989a, Horak et al. 2004). The particular 
species of coccida used in this study, Isospora lacazei (Family: Eimeriidae; pers. comm. E. 
Greiner, University of Florida), has a relatively broad geographical and host range within 
passerines (Levine 1982), though local adaption of haplotypes is likely common (Schrenzel et al. 
2005, Dolnik et al. 2009). In infected chickens, oocysts are released in the feces 4-5 days post-
infection with peak shedding 6-9 days post-infection, followed by chronic shedding (Allen and 
Fetterer 2002). Immune responses occur most strongly during the first 6 days post-infection 
(Allen and Fetterer 2002). Thus, the first 6d post-infection (experiment d5-11) tends to be more 
costly per unit time as compared to the chronic phase of infection (Dolnik and Hoi 2010). Oocyst 
shedding follows a diel periodicity in passerines with the major peak in shedding occurring 2-4 
hours before sunset (Boughton 1933, Kruszewicz 1995, Lopez et al. 2007). Once shed, oocysts 
undergo a period of sporulation to become infectious. We designed our study to overlap the 
times during which effects of exposure should be most observable.  
 
Oocyst Quantification 
Oocyst shedding rate was determined for each bird on the first day of the experiment 
(d1), the day of experimental exposure (d5), and the last day of the experiment (d11). The oocyst 
quantification protocol was adapted for the field from Dolnik (2006). Briefly, birds were 
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individually placed in cloth bags ~3hrs before sunset until a single, fresh fecal pellet could be 
collected (within 1hr). Pellets were preserved at room temperature in a 2% potassium dichromate 
solution until sugar flotations could be carried out (< 1 week). Quantification of oocysts were 
performed by washing the oocysts 3x with water before adding 40% saturated sucrose solution to 
float the oocysts (Greiner 1989b, Dolnik 2006). A 20µL sample was taken from the middle of 
the flotation solution surface, placed on a glass slide and examined immediately. This method 
provides a relative oocyst count/fecal pellet, not oocyst/g feces. In other species, this method is 
preferred because it accounts for bird size, is correlated with gut parasite burden, and is not 
affected by desiccation as weighing methods under field conditions can be (Dolnik 2006).  
 
Experimental Exposure 
Oocysts for experimental infections were obtained using the following adapted protocol 
(Horak et al. 2004, Horak et al. 2006). To begin, dozens of fecal pellets were collected from the 
bottoms of cages of 8 HOSP and 8 GHSP, 14 days before experimental exposure of the first 
cohort. Samples from both species were pooled and then divided into several replicates. Each 
replicate was mixed with water and then strained, after which oocysts were allowed to settle to 
the bottom of the tube before supernatant was removed and a 2% potassium dichromate solution 
added. The mixture was sporulated at room temperature for 7 days with daily aeration. After one 
week, oocysts from each replicate were examined daily to ensure sporulation. Once more than 
90% of examined oocysts were infectious, oocysts were kept in sealed containers at room 
temperature until experimental exposures were performed.  
On the day of coccidia exposure (d5), the potassium dichromate supernatant was 
removed and the remaining residue was washed 4x and oocysts floated as described. A 2mL 
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sample was taken from the surface of the float (where the viable oocysts were located) and 
placed in a clean tube with enough water to dilute the sugar solution. Once the oocysts 
precipitated to the bottom of the tube, the supernatant was removed until only 1mL of residue 
remained. The residue was homongenized and the average of five subsamples used to determine 
the starting oocyst concentration. Cages of birds of each species were randomly selected to be in 
one of three groups: control birds were given 100µL of water, low dose birds were given 200 
oocysts in 100µL water, and high dose birds were given 2000 oocysts in 100µL water. All 
treatments were given orally. 
  
Performance Metrics 
Physical performance was measured for each bird on d2 and d10, offset from fecal pellet 
collection to minimize handling stress. During each test, abdominal fat deposits were scored 
from 1-8 (ordinal scale, 8 maximum (Kaiser 1993)) and pectoral muscle width (to 1 mm) was 
measured for each individual with calipers by the same person. Pectoral width is a proxy for 
pectoral muscle mass (Davidson 1979), and potential muscle power (Hill 1950) as well as 
protein reserves (Davidson 1979) and has been used previously as a performance metric for 
HOSP (Martin et al. 2011, Martin et al. 2012). Birds were also challenged to perform vertical 
flight (Martin et al. 2012), an important method of predator avoidance. Because the maneuver 
involves both jumping and vertical flight, it is often considered one of the most energetically 
expensive movements birds can make (Veasey et al. 1998). For this challenge, a 0.5m section of 
nylon cord with 1.3g weights every 10cm was attached to an individual’s left leg (Altshuler et al. 
2010). Birds were then video-recorded as they were placed at the bottom of a 15 x 15 x 150cm 
wood-framed box covered in clear plastic sheeting and then harassed by hand, always by the 
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same researcher, for 30 seconds. The summed height (cm) of all flights during a 30-second trial 
was used during analyses.   
 
Leucine Allocation  
On d10, ten control birds (n=5 HOSP and 5 GHSP) and thirty-five experimentally 
exposed birds (HOSP: n=10 high dose, n=8 low dose; GHSP: n=9 high dose, n=8 low dose) were 
orally gavaged with a single dose 20mg of 
13
C leucine, 99% suspended in 200 µL of sunflower 
oil (Cambridge Isotopes, Cambridge, MA) as previously described (McCue et al. 2010). As the 
leucine was incorporated into tissues, so too was the 
13
C tracer. Twenty-four hours after 
administration, birds were euthanized by rapid decapitation under deep isoflurane anesthesia. 
Immediately after euthanasia, biopsies from the liver and pectoral muscle and entire spleens and 
gonads were removed and frozen in liquid nitrogen until transfer to the United States, upon 
which samples were kept at -40°C until lyophilized and prepared for isotope analysis (McCue et 
al. 2010). Isotope ratio mass spectrometry analysis was performed at the United States 
Environmental Protection Agency, Atlantic Ecology Division Laboratory in Narragansett, RI 
with a Vario Micro elemental analyzer interfaced with an Isoprime 100 isotope ratio mass 
spectrometer (Elementars America, Mt. Laurel, NJ, USA).  
The 
13C values in the tissues were recorded in terms of δ13CVPDB (Slater et al. 2001, 
Werner and Brand 2001). Background δ13C values measured in the tissues of birds that were not 
exposed to the 
13C tracer were used to calculate the δ13C enrichments resulting from the 
exogenous 
13C leucine tracer. These enrichments (in δ units) were log-transformed to achieve 
normality and then divided by body mass to adjust for minor differences in organ mass (McCue 
2011), which can affect tracer distribution. We expressed these δ13C enrichments in terms of log 
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δ g-1, and these values were used as a proxy for leucine allocation (hereafter: absolute leucine 
allocation). We also compared the relative leucine allocation to the lymphoid tissues in terms of 
allocation to the gonad tissue (i.e., absolute allocation to splenic or hepatic tissues divided by 
absolute allocation to gonadal tissue; sensu (McCue et al. 2013)), as well as the weighted leucine 
allocation (i.e., the absolute leucine in a particular tissue divided by the total absolute leucine in 
all tissues measured); the resulting ratios were unitless. 
 
Analyses  
A repeated-measures ANOVA revealed that exposure dose (low versus high) did not 
affect burden differently (GHSP: Scheffe post-hoc test, low vs. high, P=0.474; HOSP: Scheffe 
post-hoc test, low vs. high, P=0.904) and no performance metric differed between low and high 
dose exposure groups (data not shown). For this reason, we combined the two doses into a single 
‘experimentally exposed’ group for each species for all analyses. For many analyses we refer to 
pre-exposure and post-exposure variables, by which we mean experiment d1 and d11, 
respectively. In other analyses we used the change in performance or burden, which was 
calculated by subtracting d11 values from d1 values. We performed all analyses using both raw 
and body-size adjusted performance variables (performance divided by mass (g)) but as 
outcomes were similar, we report analyses of only raw data here. All statistics were performed in 
IBM SPSS Statistics version 21.0. 
 
Resistance and tolerance 
Traditionally, resistance is defined as the inverse of burden after exposure of an 
uninfected individual (Raberg et al. 2009). However, even prior to the experiment, every bird 
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was infected with coccidia. Subsequently, we used repeated measures ANOVA to compare 
burden based on species and exposure (experimentally exposed versus the control group) and 
their interaction, which would reveal differences in relative resistance in response to 
experimental exposure. We also compared initial burden with an independent T-test to determine 
whether pre-exposure burden was different between species. Lastly, we were interested in 
whether initial burden could predict change in burden in experimentally exposed birds; thus, we 
used analysis of covariance with change in burden as the dependent variable and species and pre-
exposure burden as the independent variables. Prior to analyses, coccidia burdens were log10+1 
transformed to achieve normality. All other continuous dependent variables were normally 
distributed based on histograms, skewness values, and kurtosis statistics.  
We investigated possible tolerance differences using general linear models (GLMs), 
asking whether species differed in how average post-exposure burden affected average post-
exposure performance (dependent variable: post-exposure performance; independent variables: 
post-exposure coccidia burdens, species, and their interaction; data: experimentally exposed 
birds only). A significant burden * species interaction term would suggest species differences in 
tolerance.  
 
Resource Allocation  
Analyses of resource allocation were performed using linear mixed models except where 
otherwise noted. We first performed an analysis with individual as a random effect to ask how 
species, tissue, and their interaction affected absolute leucine allocation. We then analyzed 
whether exposure and burden affected absolute leucine allocation. We were also interested in 
whether differences in weighted leucine allocation existed between the two species, so we 
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compared the effects of tissue, species, exposure, and their two- and three-way interactions as 
well as post-exposure coccidia burden on 
13
C leucine incorporation. Lastly, to determine whether 
species allocated leucine differently among liver and gonad or spleen and gonad (termed relative 
leucine), we assessed the effects of exposure, species, their interactions, and coccidia burden on 
the ratios of one tissue to another (liver:gonad; spleen:gonad) using GLMs.  
 
RESULTS  
Using multivariate analysis of variance (MANOVA; reporting Pillai’s Trace), we asked 
whether post-exposure performance (fat, pectoral width, and vertical flight), accounting for 
exposure, was affected by number of cage mates, sex, cohort, or days medicated (the number of 
days individuals were in captivity and medicated with the anticoccidial drug prior to the start of 
the experiment) for each species separately.  
There was no effect of sex (GHSP: F3, 11=0.638, P=0.606; HOSP: F3, 23=0.776, P=0.519) 
or days medicated (GHSP: F3, 23=0.617, P=0.744; HOSP: F3, 23=1.79, P=0.178) on the three 
performance variables. However, number of cage mates (GHSP: F3, 23=7.67, P=0.001; HOSP: F3, 
23=8.23, P=0.001) and cohort (GHSP: F3, 23=9.00, P<0.0005; HOSP: F3, 23=48.80, P<0.0005), 
which were highly correlated (Pearson’s: P<0.0005), significantly predicted combined post-
exposure performance for both species. A follow-up MANOVA with pre-exposure performance 
metrics as the dependent variables showed that these differences existed prior to exposure, as 
both number of cages mates (GHSP: F3,23=2.85, P=0.060; HOSP: F3,23=5.63, P=0.005) and 
cohort (GHSP: F3,23=4.05, P=0.019; HOSP: F3,23=6.05, P=0.003) were or were nearly significant 
predictors of pre-exposure performance as birds were being moved to their new cages from 
aviaries. Specifically, HOSP in cohort 2 had significantly lower fat scores (F1=7.08, P=0.013), 
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thinner pectoral muscles (F1=12.84, P=0.001), and less summed vertical flight distance (F1=6.03, 
P=0.021) prior to exposure. GHSP from cohort 2 also had lower scores for all three 
performances pre-exposure, though only significantly so for pectoral width and vertical flight 
(fat scores: F1=0.49, P=0.490; pectoral width: F1=8.013, P=0.009; vertical flight: F1=6.53, 
P=0.017). As such, we included cohort as a covariate in all analyses of performance.  
Coccidia burdens pre-exposure differed between the two cohorts for GHSP but not for 
HOSP (pre-exposure HOSP: F1=0.02, P=0.888; pre-exposure GHSP: F1=9.18, P=0.006); this 
was likely due to uneven sample sizes between the two cohorts and thus differences in variation 
in the two GHSP cohorts (cohort 1: n=9, SD=0.308; cohort 2: n=18, SD=0.674). As such and 
because HOSP coccidia burdens did not differ, cohort was not used as a covariate in any 
analyses of coccidia burdens or resource allocation. 
  
Parasite Burden and the Effects of Burden on Performance 
HOSP shed over 10 times as many oocysts as GHSP prior to experimental coccidia 
exposure (F1=15.01, P<0.005; Fig. 3.1A). Burden in control groups remained low over the 
experimental period in both species, indicating that the anticoccidial drug was effective in 
maintaining burden (Fig. 3.1B). In experimentally exposed groups, both HOSP and GHSP 
increased burdens after experimental exposure, though HOSP had significantly higher burdens 
both before and after experimental exposure (Fig. 3.1B, Table 3.1). Yet, there was no exposure * 
species interaction, indicating no differences in resistance. For both HOSP and GHSP, pre-
exposure coccidia burdens were significantly, negatively correlated with change in coccidia 
burdens post-exposure (F1=35.58, P<0.0005), with HOSP sustaining significantly larger burdens 
than GHSP (F1=13.86, P=0.001; Fig. 3.2). As indicated in Fig. 3.2, there appears to be a 
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maximum rate of shedding in both species, but the maximum is higher for HOSP than GHSP. 
Lastly, burden did not affect any of the three performance metrics for experimentally exposed 
HOSP or GHSP (Fig. 3.3A-C, Table 3.2); thus, tolerance did not differ between species.  
 
Resource Allocation  
HOSP had more absolute leucine in all tissues than GHSP after 24hrs (species: F1, 
39.3=37.8, P<0.0005) and tissues had significantly different amounts of leucine (tissue: F3, 
98.4=99.3, P<0.0005). Absolute leucine allocation patterns (to all tissues measured) also differed 
between species (tissue * species interaction: F3, 98.4=4.24, P=0.007; Figure 3.4A). Weighted 
leucine allocation differed among tissues (F3, 63=77.51, P<0.0005) with a significant species * 
tissue interaction (F3, 63=4.09, P=0.010).Separate GLMs revealed that GHSP had greater 
weighted allocation of leucine to spleens than HOSP (GHSP: mean=0.4134, SD=0.062; HOSP: 
mean=0.3238, SD=0.052; P=0.004; Fig. 3.4B). However, burden (F1, 63=0.033, P=0.856) and 
species (F1, 63=1.773, P=0.188) were not significant predictors. When examining leucine 
allocation to the liver relative to the gonad, neither species (F1=1.46, P=0.238) nor exposure 
(F1=0.42, P=0.522) were significant predictors. However, a significant species * exposure 
interaction was found (F1=4.66, P=0.041), with lower relative allocation to the liver in exposed 
GHSP than unexposed GHSP but no difference in HOSP due to exposure (Fig. 3.5A). Species 
(F1=8.19, P=0.009) and exposure (F1=5.63, P=0.026) were significant predictors of differences in 
leucine allocation to the spleen relative to the gonads (Fig. 3.5B), however, no significant species 
* exposure interaction was present (F1=2.21, P=0.151). 
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DISCUSSION 
We hypothesized that differences in co-evolutionary history among HOSP, GHSP, and a 
local Kenyan coccidian parasite would lead to variation in how hosts coped with and allocated an 
essential resource in response to infection. Our first prediction, that GHSP would be more 
resistant than HOSP was not supported. All birds in the study were naturally infected prior to 
capture, and both species had similar increases in burden after experimental exposure. In both 
species, initial burden significantly predicted change in burden post- exposure. Importantly 
though, HOSP shed more than 10x as many oocysts as GHSP before and after experimental 
exposure, which may have implications for the success of the former as an invader. Our second 
prediction, that HOSP would be more tolerant than GHSP, was also not supported. Both species 
tolerated coccidia well, even when burden was increased experimentally. Our third prediction, 
that HOSP would allocate more of an essential amino acid toward tissues that maximized 
reproductive and physical performance rather than immunity, was also not supported. However, 
species did allocate leucine differently. Specifically, HOSP had more leucine tracer in all tissues 
at the time of sampling than GHSP. Additionally, exposed GHSP had more leucine tracer in 
gonads relative to liver whereas HOSP had similar amounts of 
13
C leucine regardless of 
exposure. These outcomes suggest a trade-off in response to acute coccidia infection in the 
native, but not the introduced species, though it is could also be an artifact due to the constraints 
of our experimental design. Below, we interpret these outcomes with respect to their impacts on 
the Kenyan HOSP range expansion as well as coccidia dynamics in native avian communities.  
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Burden and Performance 
Our experimental data indicate that these two host species have similar levels of 
resistance (Fig. 3.1) and tolerance (Fig. 3.3) to coccidia infections. These results may partially be 
explained by this ecotype of Isospora lacazei being relatively avirulent or because Passer 
(songbird) coping responses to coccidia are effective and conserved. Yet the fact that host 
performance was similar despite very different parasite burdens is intriguing. How and why do 
HOSP incur and endure such high burdens? One possibility is that HOSP have higher burdens 
because they engage in behaviors that put them at increased risk of exposure, such as by 
disproportionately eating food contaminated by infected feces (Dolnik et al. 2010). Alternatively, 
gut morphology could differ between HOSP and GHSP, giving the parasites more space in 
which to encyst. This possibility seems unlikely given that the two species have similar diets and 
are about the same body size (Ricklefs 1996, Lavin et al. 2008). A third possibility is that HOSP 
delay resistance responses until burden surpasses a higher threshold than GHSP, as is suggested 
by our finding that initial burden is predicted by post-exposure burden (Fig. 3.2). Although this 
possibility should be tested directly, such a strategy may be valuable or even necessary for 
introduced species given that one major cost of infection in hosts lacking an evolutionary history 
with a parasite is collateral damage from inflammatory reactions (Lee and Klasing 2004, Martin 
et al. 2010b, Sears et al. 2011).  
Ecologically, the high burdens that HOSP maintain may increase the frequency of 
parasite exposure for other avian hosts in the community (Restif and Koella 2004, Horns and 
Hood 2012), an outcome termed parasite spillback (Kelly et al. 2009). As HOSP shed many 
coccidia but experience minimal health impacts themselves, spillback may enable HOSP to out-
compete some native hosts (Kelly et al. 2009). There is already anecdotal evidence that HOSP 
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employ parasite spillback in their introduced range in North America, where they are increasing 
exposure of native Cliff Swallows (Petrochelidon pyrrhonota) to a native arbovirus (O'Brien et 
al. 2011).   
 
Optimal Defense Strategies 
We found evidence that HOSP and GHSP may use different resource allocation strategies 
when coping with coccidia infections. First, HOSP had more leucine tracer in all tissues after 
24hrs compared to GHSP. Though this measure was taken at a single time point and thus must be 
interpreted cautiously, it suggests that HOSP i) more rapidly or more efficiently assimilate 
leucine, ii) oxidize more leucine during digestion for immediate use in tissues, and/or iii) 
metabolize or export leucine more slowly from tissues than GHSP. Though factors such as 
differences in burden or response to coccidia may influence absolute leucine assimilation, any of 
these mechanisms could provide HOSP with a larger nutrient pool from which to draw and 
buffer costs of acute infection. One promising test of this possibility would be to constrain 
further availability of nutrients, which may reveal trade-offs among systems that were masked in 
the present study (Ruiz et al. 2011).  
A second distinction in allocation between HOSP and GHSP was the relative distribution 
of leucine among tissues. Overall, GHSP had relatively more leucine tracer in their spleens than 
HOSP both before and after experimental coccidia exposure. One interpretation of this pattern is 
that native species have a relatively greater investment in (splenic) immunity. Similar patterns of 
low immune investment have been observed before in introduced HOSP, although not at the 
level of resource allocation to tissues (Lee et al. 2005, Lee et al. 2006, Martin et al. 2010a). We 
expected GHSP would allocate more leucine to spleens and livers in response to coccidia 
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exposure as compared to HOSP. However, we found that experimentally exposed GHSP 
allocated more leucine tracer in their gonads than livers (lower liver:gonad ratios) as compared to 
unexposed GHSP (Fig. 3.5A), while HOSP allocation patterns did not vary with coccidia 
exposure. This species difference might reflect a resource trade-off in GHSP that is avoidable by 
HOSP, perhaps because of a greater absolute assimilation of leucine in HOSP (Fig 3.4A). If 
GHSP are employing immune mechanisms to keep their burdens low, it is possible that 
experimentally exposed GHSP are exporting immune proteins from spleen and liver faster than 
control GHSP. Consequently it may appear as though exposed GHSP are allocating less leucine 
to lymphoid tissue when in fact they are exporting leucine more rapidly to minimize burden. 
Such an interpretation could also explain lower burdens in GHSP relative to HOSP.  
In summary, our data indicate that despite very different parasite burdens, both HOSP 
and GHSP maintain performance when infected with a coccidian parasite, even after burden is 
experimentally elevated in both species. However, the mechanism by which performance is 
preserved appears to differ physiologically between species. Introduced HOSP harbor large 
parasite burdens and cope with experimentally increased burden without adjusting allocation of 
an essential amino acid. The native species, on the other hand, appears to allocate critical 
nutrients differently among tissues depending on parasite exposure, perhaps in an effort maintain 
burden at lower levels. We speculate that these differences may belie mechanisms whereby the 
HOSP can expand their range using parasites as weapons (Coon and Martin 2014, Martin et al. 
2014). However, as GHSP exhibited similarly effective coping ability, the success of the 
invasive HOSP as mediated by its interactions with parasites may be limited in areas of sympatry 
with congeners.  
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TABLES 
Table 3.1: A repeated measures ANOVA revealed a change in coccidia burden over time, a 
difference between species, and significant increases in burden due to exposure but resistance 
(time * species * exposure) did not differ between HOSP and GHSP. 
Source Type III SS df MS F P 
With-in Subjects Effects 
Time * Species * Exposure 0.076 1 0.076 0.104 0.748 
Time * Species 0.370 1 0.370 0.511 0.478 
Time * Exposure 1.044 1 1.044 1.442 0.236 
Time 3.469 1 3.469 4.792 0.033 
Error (Time) 36.190 50 0.724   
Between Subjects Effects 
Intercept 187.51 1 187.51 230.318 <0.0005 
Species * Exposure 0.292 1 0.292 0.359 0.552 
Species 26.096 1 26.096 32.053 <0.0005 
Exposure 12.127 1 12.127 14.895 <0.0005 
Error 40.708 50 0.814   
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Table 3.2: A general linear model did not reveal differences in tolerance (changes in 
performance relative to changes in parasite burden) between experimentally exposed HOSP and 
GHSP for any of the three performance metrics, as indicated by a lack of significant coccidia 
burden * species effect.  
 Type III SS df MS F P 
Dependent: Post-exposure Pectoral Width 
Intercept 1680.984 1 1680.984 1658.966 <0.0005 
Burden * Species 0.251 1 0.251 0.247 0.627 
Burden 0.273 1 0.273 0.269 0.613 
Species 1.304 1 1.304 1.286 0.277 
Cohort 9.248 2 4.624 4.563 0.032 
Error 13.173 13 1.013   
Corrected Total 34.737 18    
Dependent: Post-exposure Summed Vertical Flight 
Intercept 601496.558 1 601496.558 20.751 0.001 
Burden * Species 396.235 1 396.235 0.014 0.909 
Burden 12319.975 1 12319.975 0.425 0.526 
Species 28395.317 1 28395.317 0.980 0.340 
Cohort 30722.883 2 15386.441 0.531 0.600 
Error 276829.900 13 28986.915   
Corrected Total 668182.526 18    
Dependent: Post-exposure Fat Scores 
Intercept 7.436 1 7.436 24.707 <0.0005 
Burden * Species 1.033 1 1.033 3.433 0.087 
Burden 0.899 1 0.899 2.986 0.108 
Species 0.558 1 0.558 1.855 0.196 
Cohort 1.238 2 0.619 2.056 0.168 
Error 3.913 13 0.301   
Corrected Total 6.184 18    
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FIGURES  
 
Figure 3.1: House sparrows (HOSP) shed significantly more coccidia than grey-headed sparrows 
(GHSP) pre- and post-experimental exposure. (A) The boxplot illustrates that on experiment day 
1, prior to exposure, all birds of both species were infected with coccidia, though HOSP had 
significantly higher burdens than GHSP (P<0.0005). Error bars show minimum to maximum 
values, box indicates upper and lower quartiles, and midline denotes mean. (B) Both species 
experienced similarly significant increases in burden after experimental exposure to coccidia 
compared to controls (time: P=0.033; species: P<0.0005; exposure: P<0.0005; species * time * 
exposure: NS). Error bars are ± 1SE.  
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Figure 3.2: Coccidia burden on experiment day 1 significantly negatively predicted change (Δ) in 
coccidia burden over the 11 day experiment (P<0.0005). Burden was significantly higher for 
HOSP than for GHSP (P=0.001).  
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Figure 3.3: Tolerance of coccidia infections did not differ between HOSP (filled squares, solid 
line) and GHSP (open circles, dashed line) for (A) pectoral width, (B) vertical flight, or (C) fat 
scores. Data is from experiment day 11 (6d post-infection) for exposed individuals only.  
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Figure 3.4: Exogenous 
13
C leucine measured among four tissues in native GHSP and introduced 
HOSP. (A) HOSP had more 
13
C leucine in all tissues, and HOSP and GHSP allocated 
13
C leucine 
differently among tissues (species: (P<0.0005; tissue: P<0.0005; species * tissue: P<0.007). (B) 
HOSP allocated 
13
C leucine more consistently (weighted allocation: proportion of total measured 
leucine among measured tissues) among tissues than GHSP (species: P=0.188; tissue: P<0.0005; 
species * tissue: P=0.010). Error bars are ± 1SE. 
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Figure 3.5: Ratios of 
13
C leucine in immune tissue (liver and spleen) relative to reproductive 
tissue differed significantly between HOSP and GHSP. (A) Coccidia exposed GHSP had less 
13
C 
leucine in liver relative to gonad tissue whereas exposure did not impact 
13
C leucine ratios in 
HOSP (species: P=0.238; exposure: P=0.522; species * exposure: P=0.041). (B) Species 
(P=0.009) and exposure (P=0.026) affected 
13
C leucine allocation in spleen relative to gonad 
tissue but exposure effects were indistinguishable between species (species * exposure: 
P=0.151). Error bars are ± 1SE.  
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ABSTRACT 
Parasitic infections are costly for hosts. For this reason, some hosts exhibit behaviors that 
minimize parasite exposure. For example, many herding ungulates avoid feeding in areas with 
fecal contamination and individuals that frequently do not engage in this behavior tend to have 
higher intestinal parasite burdens. Here we considered whether such behaviors were related to 
burden with ubiquitous, coccidian parasites in wild-caught house sparrows (Passer domesticus). 
Specifically, we asked how consumption of foods with variable levels of fecal contamination as 
well as other behaviors that can affect parasite exposure (e.g., activity, feeding frequency) co-
varied and correlated with individual parasite burden. Interestingly, we did not find that house 
sparrows avoided conspecific or heterospecific feces; in fact, house sparrows ate 
indiscriminately. Even more intriguing, neither consumption of feces-contaminated food nor any 
other behavior was correlated with parasite burden. Taken together, our data suggests that house 
sparrows do not benefit from reducing fecal-orally transmitted parasite exposure, perhaps 
because consumption of nutritional resources, even contaminated resources, is a more effective 
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strategy than behavioral avoidance for this species. From an ecological perspective, the lack of 
correlation between the behaviors studied here and parasite burden in house sparrows may 
present challenges in determining the roles individuals play in disease dynamics.  
  
INTRODUCTION 
Due to the costs associated with infection (Lochmiller and Deerenberg 2000, Klasing 
2004), hosts often attempt to mitigate parasite burden using techniques such as immunological 
resistance (Medzhitov et al. 2012), sickness behaviors (Hart 1988), self-medication (Huffman 
2003) and grooming (Cotgreave and Clayton 1994, Mooring et al. 2004). Yet, in some cases, 
parasite clearance after infection may be an ineffective use of host resources. Such a scenario 
may occur when parasites are ubiquitous in the environment and/or when protective immunity 
(i.e., immune that prevents re-infection) is not maintained after infection. Indeed, immunity it 
typically short-lived for common infections that are localized in mucosal tissue, e.g., rotaviruses 
(common cause of severe diarrheal disease) or rhinoviruses (the common cold), as compared to 
systemic infections (e.g., polio or measles) in humans (Ahmed and Gray 1996).  
Encounters with ubiquitous, mucosal pathogens may be especially frequent in social 
species because social hosts repeatedly exploit shared, and potentially contaminated, feeding 
and/or sleeping areas (Cote and Poulin 1995). Consequently, instead of (or in addition to) 
attempting to clear infections with immune resistance mechanisms, social hosts should benefit 
from trying to minimize initial parasite burden by avoiding situations in which exposure is most 
likely (Freeland 1980, Hart 1990, Loehle 1995). Of course, like resistance, avoidance can be 
costly for a host, though avoidance costs are often paid in lost opportunities to forage, mate, etc. 
(Hart 1992) instead of the nutritional costs associated with immune activation (Lochmiller and 
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Deerenberg 2000, Klasing 2004) and immunopathological repair (Graham et al. 2005). However, 
in contrast to resistance, avoidance has the added benefit of reducing exposure for other group 
members in social species. This is likely the reason why domestic and wild herding ungulates 
selectively forage away from feces and why individuals that do not tend to have higher parasite 
burdens (Michel 1955, Hutchings et al. 2003, Ezenwa 2004).  
Besides specific anti-parasite behaviors like fecal avoidance, certain general behaviors 
may also influence individual parasite exposure, burden and transmission. For example, bold 
individuals are typically characterized by high rates of activity, exploration and aggression (Sih 
et al. 2004) and are thus more likely to come in contact with contaminated areas and infected 
individuals. As such, bold individuals are more frequently infected by parasites that are 
transmitted by feces and other bodily excretions (Barber and Dingemanse 2010). In cases where 
bold individuals remain active while carrying high parasite burdens, they may be especially 
efficient at transmitting parasites to other susceptible individuals (Lloyd-Smith et al. 2009, Paull 
et al. 2012).  
We sought to determine the role of parasite avoidance and other behaviors on parasite 
burden in a social avian host, the house sparrow (Passer domesticus)(Summers-Smith 1988). 
Specifically, our goals were to determine (i) whether house sparrows avoided or preferred food 
with varying types of fecal contamination or no contamination, (ii) how consumption of 
contaminated or uncontaminated foods correlated with natural burden of a common, fecal-orally 
transmitted, coccidian parasite, and (iii) whether other behaviors (i.e., activity levels, feeding 
frequency, number of aggressive interaction and defecation near food and water dishes) were 
correlated with parasite burden. The specific parasites investigated were Isospora spp. (Levine 
1982) which are the main causative agents of coccidiosis in songbirds, a disease which can cause 
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morbidity and mortality in nestling and adult birds, including house sparrows (Pinowski et al. 
1994, Horak et al. 2004). Isospora spp. are useful study organisms because they have a 
predictable, day-to-day diurnal shedding pattern (Greiner 1989a), which accurately reflects 
internal parasite burden (Dolnik 2006). In house sparrows and other passerines, up to 100% of a 
population can be infected with Isospora (Summers-Smith 1988, Greiner 1989a, Anderson 2006) 
and house sparrows are known to re-infect themselves (Boughton 1937), indicating a lack of 
long-lived, protective immunity development.  
We hypothesized that individuals would prefer uncontaminated food and avoid feces-
contaminated food and that burden would be higher in individuals that did not avoid 
contaminated food. Additionally, we predicted that individuals that were more active, initiated 
more aggressive interactions, fed more often and/or defecated more near their food and water 
would also have higher burdens. Individuals that engage in such behaviors should be more 
frequently exposed to fecal-oral parasites like Isospora. 
  
METHODS 
Capture, Husbandry and Study Timeline 
Twenty-eight adult house sparrows were captured in mist nets in late January and mid-February 
2013 from four locations in the greater Tampa Bay area, Florida, USA. Birds were transported to 
the University of South Florida (28° 4’N, 82° 25’ W) where they were housed individually in 
cages (35.6 x 40.6 x 44.5cm) with two perches, ad libitum access to mixed bird seed (Scarlett 
Natural Finch; Moyer & Sons, Sauderton, PA) and tap water. Birds were kept on a natural 11L: 
13D light schedule for a total of 42 days at which time they were released at the site of capture. 
Of the 28 birds captured, 21 were used as experimental birds (10 female, 11 male) to test our 
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hypotheses; the remaining 7 were non-experimental birds (3 female, 4 male) with which 
experimental birds interacted during the behavior assays.  
On the afternoon of capture and on days 38 and 40, a fecal sample was collected from 
each experimental bird to determine Isospora spp. burden. All birds were infected with Isospora 
spp. at capture. Behavior assays were conducted in the morning and evening on days 24, 26, 36, 
and 38. Amount of feces near food and water (g in 24hrs) was recorded on days 27 and 39. Three 
day food preference trials were conducted on days 39-41. All procedures met guidelines for the 
use of animals in research and were approved by the USF IACUC (3877). 
  
Isospora Quantification 
Isospora oocyst (egg) quantification was adapted from Dolnik (2006). Briefly, a single fecal 
pellet was collected from waxed paper on the bottom of birds’ cages 2-3 hours before lights-off, 
during peak oocyst shedding (Boughton 1933, Kruszewicz 1995, Lopez et al. 2007). Pellets were 
preserved individually at room temperature in a 2% potassium dichromate solution until oocyst 
quantification (< 14d). Quantification was performed by washing the oocysts 3x with deionized 
water before adding 40% saturated sucrose solution (Greiner 1989b, Dolnik 2006). After 10min, 
oocysts had floated to the top of the solution. A 50µL sample was then collected from the center 
of the solution surface (included all floated oocysts) and deposited on a glass slide. Each slide 
was examined immediately at 100x on a light microscope and all viable oocysts counted. This 
method provides a relative oocyst count per fecal pellet, thereby accounting for variability in bird 
size. The two measurements of burden (days 38 and 40) were averaged for statistical analyses. 
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Feeding Trials 
To determine food preference and/or avoidance, birds were allowed to free feed during a 
three day period (days 39-41) from four food cups, each with a different treatment. Cups were 
placed in one of the four corners of the cage; cup location within the cage was randomly 
reassigned each day. Dishes were filled at the start of the trial with 15g (±0.10g) of the same 
mixed seeds they had been offered throughout captivity. Food in the dishes were contaminated 
with either (i) 0.3g of feces from house sparrows with high Isospora burdens during the first half 
of the experiment (average: 502.7 ± 1133SD oocysts/fecal pellet), (ii) 0.3g of feces from house 
sparrows with low burdens during the first half of the experiment (11.8 ± 21.9), (iii) 0.3g of feces 
from uninfected zebra finches (Poephila guttata) because uninfected house sparrow feces could 
not be obtained (coccidia prevalence is 100% in wild house sparrows (CACC, pers. obs.)) or (iv) 
no contamination. Feces used for contamination had been collected ~1wk prior from individuals 
based on oocyst counts from 2d prior to collection. Samples were air-dried and then ground with 
a mortar and pestle. Feces were mixed with seeds that had been lightly moistened to facilitate 
feces adherence to each grain. Food dishes were capped during trials to minimize spillage and 
further contamination by the experimental bird. The food remaining in each dish was weighed to 
0.01g at the end of the trial. 
  
Behavior Measurements 
Host behaviors were assessed eight times during the study, once in the morning and once in the 
afternoon on 4 separate days. Morning trials took place within 2hrs of lights-on, when activity is 
highest for most passerines (Hendel & Turek 1978). Afternoon trials occurred 1- 3hrs before 
lights-off, when Isospora oocyst shedding is highest (Boughton 1933, Kruszewicz 1995, Lopez 
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et al. 2007). During each trial, a single experimental bird was placed in a clean cage with a non-
experimental bird for 30 minutes and video-recorded. Ad libitum food and water were available 
during the trial. Non-experimental birds were rotated throughout the experiment so that 
experimental birds were paired with each non-experimental bird at least once but no more than 
twice during the eight trials. Behaviors were quantified from videos after the completion of the 
experiment using JWatcher V1.0. We quantified the number of position changes by the 
experimental bird (“activity”), the number of times an experimental bird displaced/pecked the 
non-experimental individual (“aggression”), and the number of pecks the experimental bird made 
at the food dish (“feeding”). Morning and afternoon behavior metrics were averaged separately 
for each individual over the 4 days and then summed together to produce a relative score for 
each individual which was used in statistical analyses. One individual did not complete all 
behavior trials and was excluded from analyses of behavior. 
Rates of fecal deposition near food and water were quantified by lining the bottom of 
each experimental bird’s cage with waxed paper after the afternoon behavior trials on days 27 
and 39. Feces were collected for a full 24 hours. Fecal pellets within 2.5cm of food and water 
dishes were collected and then dried in a large, zip-top plastic bag with a silica filled desiccator 
for at least 4 weeks before being weighed to the nearest 0.01g. The two measurements of fecal 
deposition rate were averaged for statistical analyses. 
 
Analyses  
Preference for each of the food types was calculated using Chesson’s alpha (Chesson 1978): 
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Chesson’s alpha weights preference based on the differences in availability of each of the 
different food types. Thus, Chesson’s alpha accounts for the fact that birds had known 
differences in starting amount of the four food types. 
Our first objective was to determine whether house sparrows preferred any of the four 
food types offered (uncontaminated, zebra finch contaminated, low-burden house sparrow 
contaminated, or high-burden house sparrow contaminated) for which we used a Chi-squared test 
to compare the Chesson’s alphas. To determine whether individual burden could be predicted by 
its preference for any of the four food types or any recorded behavior (activity, aggression, 
feeding rate and amount of feces deposited near feeding and drinking areas), we used 
Spearman’s Ranks tests because regression residuals did not appear homogeneous. We also used 
Spearman’s Rank tests to explore whether the types of foods consumed were correlated with the 
other behaviors, as such would be indicative of a behavioral syndrome. Averaged burden (days 
38 and d40) was non-normal based on skewness and kurtosis statistsics and was thus log10+1 
transformed prior to analysis. All analyses were run using Statistica 12 (StatSoft, Inc.). 
 
RESULTS  
There was no preference or avoidance of any food type (df= 3, P= 0.9997; Figure 4.1). 
Interestingly, individual burden was not predicted by consumption of any of the four food types 
(control: R= 0.092, df= 18, P=0.699; zebra finch: R= 0.050, df= 18, P= 0.835; low-burden house 
sparrow feces: R= -0.069, df= 18, P= 0.773; high-burden house sparrow feces: R= -0.280, df= 
18, P= 0.232; Figure 4.2) nor was burden predicted by any of the four behaviors quantified 
(activity: R= -0.033, df= 17, P= 0.894; aggression: R= -0.264, df= 17, P= 0.275; feeding: R= -
0.078, df= 17, P= 0. 487; defecation near food or water: R= -0.069, df= 18, P= 0.772; Figure 
 52 
 
4.3). Moreover, no behavior was strongly correlated with any other behavior nor with 
consumption of any food type (all P-values > 0.04; Table 4.1).  
To further substantiate non-significant correlates of burden, we performed power 
analyses to determine what sample size would have been required to achieve significant affects 
of food consumption or behaviors on burden given our calculated Spearman’s R (though 
correlation coefficients where often the opposite of our predictions). Using a standard type I 
error value (alpha) of 0.05 and a conservative power goal of 0.80 for two-tailed correlations, we 
would have required more than 98 individuals to find a significant (negative) correlation between 
high-burden house sparrow-contaminated food and individual burden (opposite of our 
prediction). We would have needed to sample >7000 individuals to find significant correlations 
between all variables and burden, corroborating that our results were indeed non-significant 
(Table 4.2). 
 
DISCUSSION 
House sparrows do not appear to benefit from reducing fecal-orally transmitted parasite 
exposure through selective foraging or through specific behavioral syndromes. House sparrow 
neither avoided nor preferred any foods based on contamination. In fact, they fed as much on 
clean food as on food contaminated with heterospecific and conspecific feces, regardless of the 
quantity of Isospora oocysts. This result is likely best explained by our concurrent finding that 
burden was not significantly correlated with consumption of contaminated foods. Interestingly, 
burden was also not correlated with any of the behaviors that we hypothesized would affect 
exposure and thus burden of Isospora, specifically activity, aggression, location of feces 
deposition and rates of feeding. Further, none of the behaviors we monitored significantly co-
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varied indicating that behavioral syndromes are not important to Isospora regulation in house 
sparrows and supporting the idea that individual house sparrow burden is primarily a function of 
individual resistance, rather than individual variation in exposure. 
There are only two other cases we know of where hosts did not actively avoid feces 
(Freeland 1980, Walsh et al. 2013). In one of these studies, Walsh et al. (2013) found that wild 
mice (primarily Peromyscus leucopus, but also P. maniculatus) preferred to be in close 
proximity to feces of both parasitized and unparasitized individuals alike. The authors suggested 
that feces may signal a vetted resource and that, in the wild, use of a vetted but contaminated 
resource may outweigh risks associated with parasitism. Yet, unlike the Peromyscus in the 
Walsh et al. (2013) study, our house sparrows were not attracted to feces. Whereas other birds 
tend to balance food resource acquisition with exposure to parasites and contamination (Norris 
1999, Skelhorn and Rowe 2010), house sparrows appear to be eating food indiscriminately.  
Lack of discrimination may be because house sparrows are unable to differentiate 
contaminated from uncontaminated food or because it is unimportant for house sparrows to do 
so. In regards to the latter, the reasoning may be similar to that proposed by Walsh et al. (2013): 
consumption of additional resources, regardless of contamination status, may facilitate maximum 
nutrient acquisition opportunities in house sparrows. Such a scenario is made more plausible by 
evidence that house sparrows are able maintain performance and efficiently assimilate nutrients 
into tissues during both the acute and chronic phases of Isospora infections (Coon et al. In 
Press). More broadly, the fact that house sparrows are competent carriers of a variety of 
generalist parasites, including West Nile virus (Manwell 1957, McLean et al. 1983, Komar et al. 
2003a, Langevin et al. 2005, Reisen et al. 2005, Anderson 2006, Kilpatrick et al. 2007, Nemeth 
et al. 2009), may conceivably be explained by their tendency to maintain continuous infection by 
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pathogens which is compensated for by indiscriminant food consumption and efficient nutrient 
integration (Coon et al. In Press). Of course, we cannot rule out the possibility that house 
sparrows are able to differentiate contaminated and uncontaminated food in contexts other than 
the one examined, e.g., house sparrows may only recognize fresh feces and not dried as was 
tested here. However, given that Isospora can remain infectious even after long periods of 
desiccation (Greiner 1989a), identifying and avoiding dried feces would still be a useful anti-
parasite behavior, if such a behavior was necessary. 
Because house sparrows are known to be effective carriers of a variety of infectious 
diseases including West Nile virus (Komar et al. 2003b, Kilpatrick et al. 2006) and Chagas 
(Anderson 2006), having insight into the behavior of highly infected individuals is highly 
valuable. Unfortunately, the considerable variation in Isospora burden (Figures 4.2 and 4.3) 
between individual house sparrows was not explained by any of the behaviors we quantified nor 
were any of the behaviors correlated with each other. This is likely due to the complex balance 
between behavior, resource availability and immunity (both resistance and tolerance (Raberg et 
al. 2009)) that occurs within hosts during parasite exposure and infection (Hawley et al. 2011). 
While the lack correlation between burdens and behavior makes it difficult to predict the role 
individuals play in transmission of parasites, it does indicate the importance of individual 
immune resistance in determining individual burden. Though difficult, future studies of the roles 
individuals play in disease dynamics would likely benefit from a whole-system approach, 
including consideration of individual behavior, immunity, resource availability and burden.  
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TABLES 
Table 4.1: Preference for food with variable contaminants was not strongly correlated with any 
of the relative behavior counts. Letters refer to: (A) Chesson’s α for clean food, (B) Chesson’s α 
for zebra finch contaminated, (C) Chesson’s α for low-burden house sparrow contamination, (D) 
Chesson’s  α for high-burden house sparrow contamination, (E) activity, (F) defecation near food 
& water, (G) aggression, and (H) feeding. 
 A B C D E F G H 
A 
1.0000 -0.2073 -0.3796 -0.4787 -0.1888 -0.1466 -0.0420 0.0161 
--- p=0.395 p=0.109 p=0.038 p=0.439 p=0.549 p=0.865 p=0.948 
B 
-0.2073 1.0000 -0.5935 -0.0644 0.2716 -0.1199 0.2189 -0.0030 
p=0.395 --- p=0.007 p=0.793 p=0.261 p=0.625 p=0.368 p=0.990 
C 
-0.379 -0.593 1.000 -0.236 -0.091 0.355 -0.438 0.122 
p=0.109 p=0.007 --- p=0.329 p=0.711 p=0.135 p=0.061 p=0.619 
D 
-0.4787 -0.0644 -0.2367 1.0000 0.0569 -0.1644 0.4178 -0.1687 
p=0.038 p=0.793 p=0.329 --- p=0.817 p=0.501 p=0.075 p=0.490 
E 
-0.1888 0.2716 -0.0912 0.0569 1.0000 -0.0080 -0.3847 0.4696 
p=0.439 p=0.261 p=0.711 p=0.817 --- p=0.974 p=0.104 p=0.042 
F 
-0.1466 -0.1199 0.3557 -0.1644 -0.0080 1.0000 -0.0059 0.4640 
p=0.549 p=0.625 p=0.135 p=0.501 p=0.974 --- p=0.981 p=0.045 
G 
-0.0420 0.2189 -0.4383 0.4178 -0.3847 -0.0059 1.0000 -0.1616 
p=0.865 p=0.368 p=0.061 p=0.075 p=0.104 p=0.981 --- p=0.509 
H 
0.0161 -0.0030 0.1221 -0.1687 0.4696 0.4640 -0.1616 1.0000 
p=0.948 p=0.990 p=0.619 p=0.490 p=0.042 p=0.045 p=0.509 --- 
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Table 4.2: Power analyses further substantiate null Spearman rank correlations (Rho) between 
burden and behavior (food consumption and behaviors associated with parasite exposure). 
Required sample sizes (N) would need to be very large to find significant correlations. 
 
 
 
  
  
 
Rho 
N required for 
significant correlations 
Chesson’s  α for control food 0.092 925 
Chesson’s  α for zebra finch 
contamination 
0.050 3137 
Chesson’s  α for low-burden 
house sparrow contamination 
-0.069 1647 
Chesson’s  α for high-burden 
house sparrow contamination 
-0.280 98 
Activity -0.033 7206 
Aggression -0.264 111 
Feeding -0.079 1256 
Feces near food and water -0.069 1647 
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FIGURES  
 
Figure 4.2: House sparrows did not prefer or avoid uncontaminated (control) food, food 
contaminated with feces from uninfected zebra finches, food contaminated with feces from 
house sparrows with relatively low coccidia burdens, or food contaminated with feces from 
house sparrows with relatively high coccidia burdens. Error bars show minimum to maximum 
values, box indicates upper and lower quartiles, and midline denotes mean Chesson’s alpha 
score.  
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Figure 4.2: Individual house sparrows Isospora burdens were not predicted by consumption of 
(A) uncontaminated (control) food, (B) food contaminated with feces from uninfected zebra 
finches (zebra finch), (C) food contaminated with feces from house sparrows with relatively low 
coccidia burdens (house sparrow- low) or (D) food contaminated with feces from house sparrows 
with relatively high coccidia burdens (house sparrow- high).  
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Figure 4.3: Individual house sparrow Isospora burdens were not predicted by relative (A) levels 
of activity, (B) rates of feeding, (C) frequency of aggressive interactions initiated or (D) the 
amount of feces that an individual deposited near food and water dishes.  
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APPENDIX A: Acute-phase responses vary with pathogen identity in house sparrows 
(Passer domesticus) 
   
 NOTE TO READER: 
  
 This chapter has been previously published: Coon, C.A.C., Warne, R.W., and Martin, 
L.B. Acute-phase responses vary with pathogen identity in house sparrows (Passer domesticus). 
American Journal of Physiology: Regulatory, Integrative and Comparative Physiology 
300:R1418-R1425. See Appendix A for the PDF of the published, open-access document.  
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APPENDIX B: Patterns of haemosporidian prevalence along a range expansion in 
introduced Kenyan house sparrows Passer domesticus 
   
 Note to Reader:   
 This chapter has been previously published: Coon, C.A.C. and Martin, L.B. Patterns of 
haemosporidian prevalence along a range expansion in introduced Kenyan house sparrows 
Passer domesticus. Journal of Avian Biology 45:34-42. See Appendix B for the PDF of the 
published, open-access document.  
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